1. Fourteen healthy subjects were investigated before and for 4 hours after oral intake of 75g of glucose (n=8) or tap water (n=6). Whole-body energy expenditure was measured by an open-circuit ventilated hood system. Blood samples for determination of oxygen, carbon dioxide, glucose and lactate were taken from an artery, a hepatic vein and a femoral vein. Blood flow in the splanchnic region was measured by constant infusion of .Indocyanine Green. Leg blood flow was measured by venous occlusion strain-gauge plethysmography. Oxygen uptake and carbon dioxide output in the splanchnic and leg tissues were calculated as the product of blood flow and arteriovenous differences in oxygen or carbon dioxide concentrations. Net exchanges of glucose and lactate across the splanchnic and leg tissues were calculated as the product of blood flow and arteriovenous differences in whole-blood glucose or lactate concentrations. 2. Splanchnic oxygen uptake had a biphasic course with an initial increase from 2.35f0.88 (SD) mmol/ min to 2.85f 1.20 mmol/min 30 min after the glucose intake (P<0.005) and a later decrease below the basal value to around 2.02 mmol/min 90-180 min after the glucose intake (P<O.OS). The integrated increase in the splanchnic oxygen uptake during the 4 h after the glucose intake was -32.6&49.7mmol/ 240min. Leg oxygen uptake increased from 4.3f 1.4pmolmin-'lOOg-' to 7.0f3.2pmol min-' 1OOg-' 90 min after the glucose intake (P<O.Ol). The integrated increase in leg oxygen uptake was 305.1 f394.3 pmol 240 min-' 100 g-'. Assuming leg oxygen uptake mainly represents average skeletal muscle, the skeletal muscle mass can explain around 45% of the whole-body glucose-induced thermogenesis. 3 . It is concluded that the splanchnic tissues do not contribute to the integrated glucose-induced thermogenesis owing to a biphasic response in oxygen uptake, with an initial increase and a later decrease. Measurements across a leg give the same information as measurements across a forearm with respect to estimation of glucose-induced thermogenesis in skeletal muscle.
I NTROD U CTlO N
Glucose ingestion increases energy expenditure. We have previously estimated, using the forearm technique, that approximately 60% of glucoseinduced thermogenesis [ 13 and approximately 40% of adrenaline-induced thermogenesis occurs in the skeletal muscles [34] .
Following a mixed meal about 50% of the dietinduced thermogenesis has been shown to be localized to the splanchnic tissue [3, 41 . In a recent study [S] , however, it was not possible 'to demonstrate a significant increase in splanchnic oxygen consumption during the 2-h period after oral ingestion of 75 g of glucose. This is surprising, since whole-body energy expenditure increases soon after glucose ingestion, and this early thermogenic response is not inhibited by P-adrenergic blockade, in contrast to the late component, which occurs 180-240min after glucose intake [I] . Thus, it is tempting to deduce that the early increase in whole-body energy expenditure is connected to glucose absorption and deposition, the so-called obligatory component of the thermogenic response [6] , and that a significant contribution is deriving from the splanchnic tissues.
The aim of the present study was therefore to determine the relative contributions to glucoseinduced thermogenesis of a leg and the splanchnic tissues during the 4-h period after oral ingestion of 75g of glucose.
MATERIALS AND METHODS

Subjects
Ten males and four females, 22-30 years of age, participated in the study. All were healthy and took no drugs. Mean body weight was 69kg (range 51-86kg). Mean lean body mass (LBM) measured by the bioelectrical impedance method [7] was 56 kg (range 41-70kg) and mean height was 177cm (range 164-193cm) . The subjects were studied before and for 4 h after oral ingestion of 75g of glucose (n=S) or tap water (n=6). The volunteers gave their informed consent according to the declaration of Helsinki I1 before participating in the study, which was approved by the Municipal Ethical Committee of Copenhagen.
Experimental protocol
The experiments started in the morning after an overnight fast. During the experiment the subjects rested supine at a room temperature of 22-23°C. Under local anaesthesia and fluoroscopic control, two catheters were inserted, one from a femoral vein into a right-sided hepatic vein and the other was placed in a common femoral vein in the retrograde direction. A third catheter was introduced percutaneously into a radial or femoral artery. The catheters were kept patent by regular flushing with isotonic sodium chloride containing heparin (10 units/ml).
After catheterization, a constant infusion of Indocyanine Green (ICG) dye was started. Thirty minutes after catheterization, baseline measurements were started and continued for at least 45min. The subjects then received either 75g of glucose dissolved in 300ml of water or 300ml of tap water at a temperature of 20°C.
An open-circuit ventilated hood system was used for measurement of whole-body energy expenditure [2] . Energy expenditure (EE) was calculated as: EE (kJ/min) = 4.184 L4.686 + 1.096 (RQ -0.707)]
where RQ is the respiratory quotient. Baseline EE was measured over 45min. In four of the subjects receiving glucose, whole-body EE decreased below 'baseline' EE approximately 180-210 min after the glucose intake. In three of the control subjects, the EE decreased continuously during the experiment, probably because of an increased sympathoadrenal tone after the catheterization procedures (this is supported by the relatively high initial resting EE/LBM in this study; see Results). The glucoseinduced thermogenesis was calculated by subtraction of the baseline EE from the total EE during the 240min after glucose intake. In the four subjects receiving glucose in whom post-prandial EE decreased below the preglucose EE, the baseline EE was assumed to decrease linearly during the experiment to the lowest level measured after the glucose intake.
Hepatic blood flow was determined by the ICG constant-infusion technique [9] . ICG clearance was measured as infusion rate divided by the arterial plasma concentration of ICG. Leg blood flow was measured by venous occlusion strain-gauge plethysmography [lo] using a Medimatic SP 2 system (Medimatic, Copenhagen, Denmark). The overlapping mercury strain gauge was placed around the thickest part of the calf. Each flow figure was the average of four consecutive measurements, performed at about l-min intervals to allow emptying of the venous bed between the measurements. To test whether venous occlusion strain-gauge plethysmography performed on the calf is representative of the whole leg in the present setting, 13 healthy subjects (seven females) were investigated with two strain gauges, one around the distal thigh lOcm proximal to the upper border of the patella and one around the thickest part of the calf. The measurements were performed with the subjects in the supine position, and a supporting pillow was placed under the heel. The cuff was 15cm wide and placed as proximal as possible on the thigh. The pressure used was 50mmHg and the subjects rested for 15 min before the measurements were performed. Each flow figure was the average of five consecutive measurements, performed at about l-min intervals.
Calf and thigh volumes were measured by displacement of water. The measurements showed that the blood flow in the distal thigh was 2.0 f 0.6 ml min-'
1OOg-' compared with a calf blood flow of 2.5 f 0.6 ml min-' 100 g-l. The thigh volume was 6.0+ 1.0 1 and calf volume was 3.9f0.4 1. From these data a correction factor of 0.89 was used to calculate whole-leg blood flow from calf blood flow. The correction factor is sex independent. In the main experiment the blood flow in the leg and arteriovenous differences in metabolites were measured every 30 min during the investigations. Splanchnic blood flow was measured every 30 min except for 150 and 210min after the glucose or water intake (for these periods interpolation was performed). The baseline values were the average of two measurements taken with an interval of 30 min.
Measurement of oxygen consumption and carbon dioxide production in the splanchnic tissue and the leg was calculated as the product of blood flow and arteriovenous differences of oxygen or carbon dioxide concentrations. Integration was performed by the trapezoidal rule. Local RQ was calculated as the local oxygen uptake divided by the local carbon dioxide output.
ANALYSES
Blood samples for determination of oxygen and carbon dioxide were taken anaerobically in gas-tight syringes and stored on ice until determination. Haemoglobin, saturation and oxygen concentration in arterial and venous whole blood were determined spectrophotometrically using an OSM 3 (Radiometer, Copenhagen, Denmark). Two determinations were performed on each blood sample. Carbon dioxide concentration was measured (six subjects in the glucose study) in a total C 0 2 analyser (Corning 965, Corning, Halstead, Essex, U.K.). Five determinations were performed on 60 pl of whole blood from each blood sample. In three of the control subjects pH and Pco2 were also determined using an ABL 500 (Radiometer) for calculation of whole-blood carbon dioxide concentration [ll] . Whole blood was precipitated in 7% (w/v) perchloric acid 1:3 and whole-blood concentrations of glucose and lactate were measured in duplicate by standard fluorometric enzymatic methods, adapted to an IL Monarch Plus microcentrifugal analyser (Instrumentation Laboratory, Warrington, U.K.).
STATISTICAL PROCEDURES
All data are presented as means & SD. A two-way analysis of variance was used to test the significance of changes during water or glucose intake, and two means were compared by post-hoc testing (Tukey's test). P<0.05 was regarded as statistically significant.
RES U LTS Energy expenditure
Whole body. The initial resting energy expenditure was 91.3&9.3Jmin-'kg-' LBM (n=14). This is slightly increased compared with the mean values from other experiments in our laboratory (85 J min-' kg-' LBM, unpublished data). In the control experiments there was no significant change in the energy expenditure, although it tended to decrease (Table 1) . After the glucose intake, the energy expenditure increased from 4.85 k 0.85 kJ/min to a maximum of 5.41 & 1.5 kJ/min after 90min (Fig.  1) . The RQ increased from 0.81 f0.06 to a maximum of 0.92k0.06 90min after the glucose intake and was still elevated at the end of the experiments (Table 1 ). The integrated glucose-induced increase in energy expenditure was 92.3f49.7 kJ over 240min.
Splanchnic tissues. In the control experiment the splanchnic blood flow was constant, while it increased significantly (P < 0.02) 30 and 60 min after the glucose ingestion (Fig. 2) . The oxygen uptake in the splanchnic tissue is shown in Fig. 3 . It did not change during the control experiment (Table 1 ). In the glucose experiment the change in splanchnic oxygen uptake showed a biphasic course (Table 1) ; early after the glucose intake the oxygen uptake increased (P<0.005), and it then decreased significantly below the initial basal level after 90-180 min (P (0.05). The integrated increase was -32.6 & 49.7 mmo1/240 min. In the control experiment the hepatic arteriovenous oxygen difference was unchanged, but in the glucose experiment it decreased significantly ( Table  2 ). The hepatic arteriovenous carbon dioxide difference did not change significantly in either of the experiments (Table 2 ). Owing to the low temporal resolution of determination of local RQ, an integrated splanchnic RQ was calculated during the whole control experiment and before and after glucose in the glucose experiment. The integrated splanchnic RQ during the control experiment was 0.70f0.07 (n = 3). In the glucose experiment the integrated splanchnic RQ was 0.76f0.21 in the basal period (n =6). After glucose the integrated RQ (0-240min) increased in all subjects to 0.93 f0.18
Leg tissues. The leg blood flow remained constant during the control experiment, but increased 60 min after the glucose intake, and was still increased at the end of the experiment (Fig. 2) . The local oxygen uptake in the leg was unchanged in the control experiment (Table 1) but increased significantly 90min after glucose ingestion (P<O.Ol) (Fig. 4) . The integrated increase in leg oxygen uptake was 305.1 f394.3pmol 240min-' 1OOg-'. In the glucose experiment the femoral arteriovenous oxygen difference decreased after the glucose intake. The femoral arteriovenous carbon dioxide difference was unchanged during both the control experiment and the glucose experiments ( Table 2 ). The integrated leg RQ during the control experiment was 0.80_+0.03 (n = 3). In the glucose experiment the integrated leg RQ in the basal period was 0.89f0.16 (n=6). The integrated RQ after glucose ingestion (0-240 min) was 0.92 f 0.1 7 (not significant).
( P < 0.10). Table 3 ). The glucose concentration in the arterial blood did not change in the control experiment. After the glucose intake, there was a significant increase in glucose concentrations lasting 120min in arterial and hepatic and femoral vein blood. Glucose output from the splanchnic tissue in the control group remained unchanged during the experiment. There was a significant increase in splanchnic glucose output 30-90 min after the glucose intake, and it then decreased to baseline level. In the leg there was no change in the glucose uptake in the control experiments, but it increased significantly 30-90 min after the glucose intake.
Metabolites
Glucose (
Lactate (Table 3 ). The lactate concentration did not change in the arterial blood in the control experiment. In the glucose experiments there was a significant increase in arterial lactate concentration lasting 120min. In the control group there was a significant net lactate uptake across the splanchnic tissues during the whole experiment. After the glucose intake the lactate uptake in the splanchnic tissues decreased to zero. There was no significant lactate output or uptake across the leg in any of the experiments.
DISCUSSION
The main finding in the present experiments is the biphasic course of the splanchnic oxygen uptake after ingestion of 75g of glucose, with an early increase (after about 30 min) followed by a decrease 90-180 min after the glucose intake. The calculated increase in the splanchnic oxygen uptake was due to the increase in blood flow while the oxygen extraction decreased. GIucose-induced increase in splanchnic blood flow is a well-described phenomenon [5, [12] [13] [14] [15] [16] . The biphasic course is probably due to several changes in local metabolism. Theoretical considerations about changes in the energy requirements to the splanchnic tissues after ingestion of glucose will be discussed in the following section.
According to Flatt [17] 0.5mol of ATP is utilized for each mol of glucose absorbed from the gastrointestinal tract. The metabolic cost of making lmol of ATP available is around 75 kJ [17] . If all 75g of glucose is absorbed during the study, this will cost around 15kJ. Glucokinase is under control of glucose and insulin. High concentrations of glucose and insulin lead to increased glucose phosphorylation. Moreover, high concentrations of glucose diminish the activity of phosphorylase, thus favouring glycogenesis over glycogenolysis [18] . One mol of glucose stored as glycogen costs lmol of ATP. The net splanchnic glucose output in the present experiment was 350mmol during the 240min after glucose intake. Assuming either total inhibition of endogenous hepatic glucose production or unchanged hepatic glucose production, the hepatic glucose uptake was 175-350 mmo1/240 min (assuming all 75g of glucose was absorbed). If all the glucose is stored as glycogen, this will cost between 13 and 26 kJ. Gluconeogenesis is glucose production from lactate, pyruvate, glycerol and glucogenic amino acids. It accounts for around 5% of the daily hepatic energy expenditure [18] . In the postabsorptive period or during fasting, the extrahepatic tissues send the precursors to the liver via the blood. Two inter-organ cycles of this kind have been described the lactic acid or Cori cycle [19, 201 and the glucose-alanine cycle [2l, 221. Gluconeogenesis is inhibited by insulin [23] . In the present experiment the splanchnic lactate uptake decreased to zero after glucose. This is in accordance with results reported by others [5, 131. Similarly, it has been shown that the splanchnic uptake of glycerol and amino acids decreases after ingestion of glucose [5, 121. After an overnight fast the hepatic glucose production due to gluconeogenesis is around 40-50mg glucose/min [24, 251. Production of lmol of glucose by gluconeogenesis costs 8mol of ATP [17] . Thus, the energy required for gluconeogenesis in the fasting state is approximately 150 J/min. If gluconeogenesis was totally inhibited after the glucose intake the hepatic energy required would decrease by 36 kJ/240 min. Furthermore, changing the glucagon/insulin ratio as after oral glucose intake leads to inhibition of fatty acid oxidation and ketogenesis [18] , probably via increased production of pyruvate and of malonyl CoA. This will inhibit the translocation of longchain fatty acids into the mitochondria by inactivation of carnitine acyltransferase [26, 271 . Considering this, it seems reasonable that hepatic energy expenditure decreases after ingestion of glucose. In theory, simultaneous measurements of oxygen uptake and carbon dioxide production across a tissue will give additional information compared with measurement of oxygen uptake alone, particularly in situations in which net substrate oxidation changes. However, it is very important to be aware of the potential pitfalls of this type of measurement and calculation. In particular, non-steady-state situations and incomplete oxidation of the substrates are sources of error [28] . In a recent paper [2] we demonstrated methodological problems in the measurement of local forearm R Q after oral glucose intake. This was probably due to a nonsteady state since the carbon dioxide exchange is considerably delayed in comparison with oxygen uptake, giving the measurements very low time resolution. To reveal a contribution from the tissues to the whole-body glucose-induced thermogenesis, we have assessed average tissue R Q from areas under concentration-time curves from the whole experiments in the present study. This method has been recommended in other metabolic non-steadystate situations [28, 291 . ' The contribution of splanchnic tissues to the whole-body oxygen uptake in the fasting state was 19.2%+6.1% (n=14). This is in agreement with some previous results [18, 301, while others have described a greater fractional contribution [4, 5, 31, 32) . The splanchnic R Q in the fasting state was around 0.70-0.76, suggesting a great amount of energy deriving from fat oxidation. The finding is consistent with the values given in the literature [18] . In the present experiment the increase in splanchnic oxygen uptake during the first hour was around 15mmol of O2 (approximately 25% of the whole-body increase in oxygen uptake in the same period). With a RQ,, = 0.93 the caloric equivalent for oxygen is 20.73kJ/l [33] ; this oxygen uptake corresponds to an increase in energy expenditure of 7 kJ/60min. The later decrease in splanchnic oxygen uptake was 0.33mmol O,/min (min 90-180), corresponding to 145-155 J/min depending on the caloric equivalent of oxygen (RQ,, = 0.70 -RQ,, = 1 .OO corresponds to a heat equivalent for oxygen of 19.5-21.1 kJ/1 [33] ). Thus, the early increase in splanchnic oxygen uptake can be explained by the initial glucose absorption from the gastrointestinal tract. The later decrease in splanchnic oxygen uptake partly reflects a decreased hepatic energy requirement and partly a change in substrate combustion with an increase in the caloric equivalent for oxygen (as indicated by the increase in splanchnic RQ). During the whole glucose experiment, the integrated change in splanchnic oxygen uptake was -33 & 50 mmol 02/240 min. Thus, the splanchnic tissues do not contribute to the integrated glucoseinduced thermogenesis. It can be speculated whether ingestion of glucose may prevent threatening ischae-' mic episodes of the splanchnic tissues, e.g. in hepatic failure.
The present results are in contrast to the findings by Brundin and Wahren [ S ] and Aksnes et al. [31] . However, in these studies a tendency to a biphasic course in splanchnic oxygen uptake after glucose ingestion was also found, but it did not reach significance.
The resting oxygen uptake in the leg is at the same level as we have previously found in the forearm [34] . There was significant increase in leg oxygen uptake with a maximum 90min after the glucose intake concomitant with the leg glucose uptake. If we assume that most of the glucoseinduced energy expenditure in the leg occurs in skeletal muscle (skeletal muscle represents approximately 60% of leg volume [35] ), that leg muscle is representative of whole-body muscle mass (leg muscle accounts for approximately 60% of total skeletal muscle [35] , that total muscle mass is 40% of body weight [36] and that the caloric equivalent for oxygen is 20.56 kJ/1 assuming RQ,,=0.90 during the whole experiment, it can be calculated that around 45% of the glucose-induced thermogenesis can be explained by increase in skeletal muscle EE. This is in accordance with our previous calculation based on forearm measurements [ 13.
The increase in leg oxygen consumption was due to an increase in leg blood flow. This was measured by venous occlusion of the calf. However, it can be questioned whether segmental measurements are representative of leg blood flow. In the present experiment we found that the blood flow measured on the calf was approximately 25% higher than measurements performed on the distal thigh, but this is in part balanced by the higher thigh volume. In a recent study [37] determinations of leg blood flow using the dye-dilution technique and straingauge plethysmography were compared. This study showed that leg blood flow measured by venous occlusion strain-gauge plethysmography performed on the calf was 43% lower than blood flow measured by dye dilution. Assuming that measurements of leg blood flow determined by the dyedilution technique are correct, recalculation of our results using the data in [37] gives a resultant calculated increase in skeletal muscle oxygen uptake which can explain more than 100% of the glucoseinduced thermogenesis. This is not very likely. One problem with the dye-dilution technique as used in [37] can be that the longest transit time of the indicator in the resting leg is not registered during 3 min constant infusion, leading to an overestimation of flow. Another problem is that it demands a sampling of a significant amount of blood, which prohibits the use of this method in experiments such as the present.
In conclusion, the splanchnic tissues do not contribute to the integrated glucose-induced thermogenesis owing to a biphasic response in oxygen uptake, with an initial increase and a later decrease.
Measurements across a leg give the same information as the forearm technique with respect to estimation of glucose-induced thermogenesis in skeletal muscle.
